Expression
of the immediate-early gene c-fos has been advanced as a marker of neuronal activity in the adult nervous system. We sought to test the validity of c-fos mRNA expression as a marker of neuronal activity during seizures and to elucidate specific neurotransmitter receptors whose activation was necessary for seizure-evoked c-fos mRNA expression.
We correlated c-fos mRNA expression, measured with in s&u hybridization, with kindled seizure-induced firing of hippocampal dentate granule cells or substantia nigra pars compacta and pars reticulata neurons. We found that the occurrence of seizure-evoked synchronous action potentials during the seizure exhibited a perfect qualitative correlation with the presence of c-fos mRNA expression in the granule cells 30 min following the seizure (Fisher's exact test, p = 0.002). However, there was no quantitative correlation between the number of seizure-induced population action potentials and the magnitude of c-fos mRNA expression in the granule cells. In the substantia nigra, where neuronal populations have previously been demonstrated to exhibit synchronous firing during kindled seizures, no induction of c-fos mRNA was detected in either pars compacta or pars reticuiata.
Pretreatment with antagonists of the NMDA subtype of glutamate receptor selectively and markedly decreasedseizure-induced c-fos mRNA expression in the dentate granule cells, despite increasing the number of granule cell population action potentials. These findings illustrate the complexity of the relationship between c-fos induction and neuronal burst firing during kindled seizures.
We caution that c-fos mRNA expression is not a simple marker of neuronal activity. We suggest that seizure-induction of c-fos mRNA expression may correlate better with sustained neuronal depolarization and subsequent rise of intracellular calcium evoked by multiple factors, one of which is NMDA receptor activation.
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c-fos, an immediate-early gene, undergoes dramatic and transient expression in response to a diversity of stimuli in vitro Morgan and Curran, 1989) . The striking activation of c-fos expression in neurons by depolarization in vitro (Morgan and Cut-ran, 1986 ) and by seizures in vivo led to its proposed use as a marker of neuronal activity in the mammalian nervous system (Sagar et al., 1988) . Seizures are characterized by a specific pattern of neuronal activity, namely, the synchronous firing, or burst firing, of populations of neurons in discrete pathways of the nervous system. The availability of a sensitive and reliable histochemical marker of this pattern of neuronal activity with cellular resolution would permit elucidating the networks activated during a seizure, and in turn facilitate pharmacologic and surgical efforts aimed at controlling medically refractory seizures.
Despite its attractiveness, the validity of c-j& expression as a marker of neuronal activity during a seizure has not been directly tested. The goals of this work were twofold: (1) to test the validity of c-fos mRNA expression as a marker of seizureinduced neuronal activity by correlating the activity of distinct populations of neurons during a seizure with c-fos mRNA expression induced in these neurons by a seizure, and (2) to elucidate specific neurotransmitter receptors whose activation is required for seizure induction of c-fos mRNA expression in these neurons.
We examined the seizure-evoked neuronal activity of the hippocampal dentate granule cells with field potential recordings in vivo, and we measured c-fos mRNA expression with in situ hybridization. The dentate granule cells were chosen because of the robust effect of seizures on c-fos expression in this group of neurons and because the population field potentials generated by the dentate granule cells have been extensively characterized electrophysiologically (Andersen et al., 197 1; Lomo, 197 1) . We also examined c-fos mRNA expression in the substantia nigra, a nucleus in which burst-firing neuronal activity during kindled seizures has been previously characterized with single-and multiple-unit activity (Bonhaus et al., 1986 (Bonhaus et al., , 1991 .
Materials and Methods
Preparation and kindling of animals for correlation of dentate jield potentials and c-fos expression Adult male Sprague-Dawley rats (Charles River, Wilmington, DE) weighing at least 250 gm underwent stereotaxic implantation ofa bipolar stimulating/recording electrode in the right amygdala under pentobar-bital anesthesia using the following coordinates with instrument zero as reference: AP +3.0 mm, ML 4.8 mm, DV 2.3 mm below dura. A concentric bipolar electrode used for recording electroencephalographic activity (EEG) and dentate field potentials was placed in the dentate hilus of the left dorsal hippocampus. Characteristic extracellular field potentials of dentate grnlule cells following stimulation of the left angular bundle were used to optimize electrode placements as described previously (Shin et al., 1987) . Following a postoperative recovery period of at least 7 d, stimulus trains (500 FA, 1 msec biphasic rectangular pulses, 60 Hz, 1 set duration) were administered once daily, 5 d per week, through the amygdala electrode until two class 5 seizures were evoked. Following a 1 week seizure-free period, single shocks were administered through the stimulating electrode in the left angular bundle to verify that the recordings of the left dentate exhibited the pattern typical of the field EPSP and population action potentials of the dentate granule cells (Shin et al., 1987) . Thereupon, a stimulus train was administered through the amygdala electrode and a class 5 kindled seizure was evoked, dentate field potentials were recorded during the seizure. Each animal was killed 30 min following the seizure and brain sections were prepared for in situ hybridization as described below. During the kindled seizure, electrographic seizure [afterdischarge (AD)] was recorded from the bipolar electrode in the right amygdala and from the concentric bipolar electrode in the contralateral (left) dentate hilus; field potentials were also recorded in the left dentate. These events were recorded on a Vetter-modified Panasonic video cassette recorder (model 420B). The analog recording was digitized and analyzed by Computerscope (R.C. Electronics, Santa Barbara, CA). The recordings were analyzed by counting the number of population action potentials ("population spikes") and by measuring the amplitude of the largest population spike during the seizure. The presence or absence of population action potentials was ascertained without prior knowledge of C-$X expression.
Preparation and kindling of animals for analysis of drug eflects on seizure-evoked c-fos expression To simplify investigation of drug on seizure-induced c-fos mRNA expression, kindled seizures evoked by hippocampal stimulation were studied because these are associated with a massive, bilateral induction of c-fos mRNA expression in the hippocampal dentate granule cells in every animal. To prepare these animals, a stainless steel bipolar stimulating/recording electrode was implanted in the right dorsal hippocampus under pentobarbital anesthesia (50 mg/kg, i.p.); the stereotaxic coordinates, using bregma as a reference, were AP -3.2, ML +2.1, and DV -3.1 from dura (nose bar at 0). An additional electrode was secured to skull screws for use as a reference in EEG recordings. After a postoperative recovery of at least 1 week, animals were stimulated twice daily (1 set trains of 1 msec biphasic rectangular pulses delivered at a frequency of 60 Hz) with a current intensity sufficient to evoke an AD. Stimulations were administered until the animals exhibited at least six class 4 or 5 seizures (Racine, 1972 ) the last three being consecutive. The generalized seizure threshold was subsequently determined by oncedaily stimulations as previously described (McNamara et al., 1984) , except that the current intensities used were 30 FA above and below the threshold. After a stimulation-free interval of at least 1 week, animals were used in one of the experimental protocols described below.
Kindled animals received an intraperitoneal injection ofeither vehicle or drug prior to a stimulus-evoked seizure. The stimulations were 30 FA above the generalized seizure threshold and 2 set in duration. Animals were killed by decapitation 30 min after the evoked seizure; the brains were rapidly dissected and frozen in 2-methylbutane in a dry ice/methanol bath.
Determination of drug effects on kindled seizure-evoked granule cell population action potentials To characterize drug effects on the electrophysiologic events in the right dentate gyrus during seizures evoked by left hippocampal stimulation, additional animals were prepared as follows. A bipolar electrode to be used for kindling stimulations was implanted in the left hippocampus using stereotaxic guidance as above. In addition, a concentric bipolar electrode used for recording EEG and dentate granule cell field potentials was placed in the dentate hilus of the right dorsal hippocampus using electrophysiologic guidance with stimulation of the right angular bundle as described previously (Shin et al., 1987) . These animals received kindling stimulations and their seizure thresholds were determined as described for the experiments examining drug effects. In order for each animal to serve as its own control, seizures were evoked after treatment with either vehicle (H,O, 1.0 ml/kg) or MK-801 (1.0 mg/kg). Two of the animals initially received vehicle, and the other two initially received MK-80 1. After receiving the initial treatment and a seizure, the generalized seizure threshold was determined again. Following a 1 week stimulation-free period, the second treatment was administered. Prior to each seizure the field potential response in the right dentate evoked by right angular bundle stimulation (0.1 Hz) was recorded as previously described (Shin et al., 1987) . EEG and dentate field potentials were recorded and analyzed without knowledge of drug treatments; the methods were as described in the experiments correlating seizure-induced C-$X expression with granule cell activity.
c-fos in situ hybridization Oligonucleotideprobes. The oligonucleotide sequence comprised 50 bases, 50% ofwhich were deoxyguanosine and deoxycytidine. The sequence utilized, nucleotides 270-3 19 of rat c-fos was not significantly homologous to other sequences cataloged in the rodent gene bank library accessed through the Baylor College of Medicine Molecular Biology Information Resource. Radiolabeled oligonucleotide probes were prepared with a 3'-terminal transferase reaction and 32P-dATP (6000 Ci/mmol; Du Pont-New England Nuclear, Wilmington, DE) to yield a specific activity of 1.6-6.0 x lo9 dpm/pg (14 mol of '?P-dATP per mole of oligonucleotide). The c-fos oligonucleotide sequence was validated by demonstrating that it hybridized to a single 2.2 kilobase band in a Northern blot containing RNA extracted from rat hippocampus following an AD evoked by angular bundle stimulation; a nick-translated rat c-fos cDNA probe hybridized to the same band.
In situ hybridization. In situ hybridization was performed with lopm-thick frozen sections that were thaw-mounted on autoclaved gelatincoated slides. The slide-mounted sections were fixed for 30 min at room temperature in phosphate-buffered saline (PBS; 10 mM NaCl, 1.6 mM NaH,PO,. 8.4 mM Na,HPO,. nH 7.0) containing 4% paraformaldehvde, followedby graded ethanol dehydration (70% fir 5 min, 95% for 5 min; 100% for 5 min). The sections were prehybridized for 4 hr at 37°C in a solution containing 50% formamide (Bethesda Research Labs, Gaithersburg, MD), 2 x NTE (300 mM NaCl, 10 mM Tris, 1 mM EDTA, pH 8.0) 1 x Denhardt's solution, 500 &ml yeast tRNA (Sigma), 500 pg/ ml salmon sperm DNA (Sigma), and 0.05% sodium pyrophosphate. The sections were hybridized for 16 hr at 37°C in a similar solution with the following alterations: 100 Kg/ml tRNA, 100 pg/ml DNA, and 75,000 cpm/pl of 32P-labeled oligonucleotide probe. Nonspecific hybridization of the radiolabeled probe to sections was determined by including a 10x concentration of unlabeled probe in the prehybridization solution and a 100 x concentration in the hybridization solution. Equivalent amounts of nonspecific hybridization were obtained with a 100 x concentration of unlabeled probe in the prehybridization solution and only labeled probe in the hybridization solution. Following hybridization, sections were washed in 1 x NTE, 0.05% sodium pyrophosphate solution for 20 min at room temperature followed by 3 hr in a solution containing 10 mM Tris, 75 mM NaCl, and 0.05% pyrophosphate at 37°C. The sections were then dehydrated with ethanol solutions (5 min each in 50% ethanol containing 300 mM ammonium acetate, 70% ethanol, and 95% ethanol, and 10 min in 100% ethanol). After air drying, the slides were mounted in x-ray cassettes with intensifying screens and exposed to Beta-max hyperfilm (Amersham, Arlington Heights, IL) for 72 hr at -70°C. The film was developed in D-19 (Kodak, Rochester, NY) for 5 min at 18°C washed briefly in 1% acetic acid, and fixed with Kodak Rapid Fixer for 5 min at 18°C. These hybridization experiments were performed two additional times on nearby sections from each brain region of these animals, and similar results were consistently obtained.
Optical density measurements. Optical density (OD) determinations were made using an Amersham RAS/RlOOO Image Analysis System (Loats Associates, Inc., Westminster, MD). Each film contained sections from vehicle-and drug-treated animals. All sections on a single film were hybridized on the same day with the same preparation of radiolabeled probe. To permit comparisons of data from different films, OD measurements from each film were normalized by assigning a value of 1.0 to the OD of the infrapyramidal blade of the dentate granule cell layer to the vehicle-treated animal with the highest absorbance. Mean OD values (total) were obtained for each brain. Nonspecific hybridization values for all of the sections from a film were averaged and subtracted from each total value to determine specific hybridization values. and the seizure-evoked c-fis expression. AD duration (ADD) was recorded from the electrode in the right amygdala and also from the bipolar electrode in the left dentate. The duration of forelimb clonus was determined by behavioral observation.
The number of population action potentials was counted in off-line analysis of recorded seizures from three animals as described in Materials and Methods. c-fis mRNA content (lo-*' mol/mm') in the infrapyramidal blade of the left dentate was measured as described in Materials and Methods. 0 Animal 2 clearly exhibited abundant population action potentials during the final seizure, but technical difficulties precluded tabulation of numbers; this same animal exhibited 49 1 population action potentials during the 4 1 set dentate AD immediately prior to the final one.
Drugs
Drugs and chemicals were purchased from Sigma Chemical Co., St. Louis, MO, except for MK-80 1, which was provided by Merck, Sharp and Dohme Research Lab, Rahway, NJ, and CGP-37849, which was provided by Ciba-Geigy Ltd., Basel, Switzerland. Drug doses were based upon studies that documented antagonism of receptor-mediated effects in the CNS after intraperitoneal administration to adult rats. These included antagonists of the NMDA receptor (MK-801; McNamara et al., 1988; Olney et al., 1989) , p-adrenergic receptor (propranolol; Mezey et al., 1983) , muscarinic cholinergic receptor (scopolamine; de la Garza et al., 1987) , and h-opiate receptor (naloxone; Cottrell et al., 1988) . The doses of CGP-37849 were selected on the basis of our preliminary experiments examining doses effective in inhibiting tonic hindlimb extension of electroshock seizures in rats.
Results
Correlation of seizure-induced c-fos expression in dentate granule cells with dentate field potentials recorded during kindled seizures
Dentate field potentials were recorded during kindled seizures, the animals were killed 30 min thereafter, and c-fos expression was examined in the dentate granule cells with in situ hybridization. Stimulation of the amygdala elicited class 5 behavioral seizures and ADS in EEG recordings from the bipolar electrode in the left dentate hilus in all 11 animals. Only 4 of the 11 animals exhibited bursts of population action potentials ("population spikes") in the dentate field potential recordings during the seizures (compare Fig. l&I ) (Somjen et al., 1985; Stringer et al., 199 1) . Robust C-$X mRNA expression was apparent in the dentate granule cells of the left hippocampus in all four of the animals exhibiting bursts of population action potentials and was absent in all seven animals in which population action potentials were not detected during the kindled seizure ( Fig.   2A,B) . This correlation between the presence of population action potentials during the seizures and c-fos mRNA expression was highly significant (Fisher's exact test, p = 0.002). overlap existed between the two groups in that five of the seven animals without c-f0.s expression exhibited longer AD duration in the left dentate than the shortest AD duration in the left dentate ofthe group with c-fos expression (27 set in animal 3, Table 1 Figure 1 exhibiting the presence (A) or absence (II) of population action potentials in the left dentate recordings during seizures evoked by right amygdala stimulation. Note the robust c-fis mRNA expression bilaterally in the dentate granule cell layer of the animal presented in A, in contrast to the nearly absent expression of clfos mRNA in the dentate granule cell layer of the animal presented in B. Note also the moderate expression of c-fis mRNA in the piriform cortex ipsilateral to the kindling electrode in B. Hybridization in the presence of excess unlabeled oligonucleotide, in an adjacent section from the brain used in A, resulted in a homogeneous pattern of binding similar to that of B (not shown). C is a Nissl-stained coronal section of rat brain at a level similar to A and B. OD measurements were made in the infrapyramidal blade of the dentate granule cell layer as described in Materials and Methods. Scale bar, 5 mm.
c-fos expression, in that nearly equivalent amounts of c-fos mRNA were detected despite a sevenfold difference in number of population action potentials (compare animals 1 and 4, Table  1 ).
Comparison of kindled seizure-induced c-fos mRNA expression in the dentate gyrus and in the substantia nigra
Absence of correlation between the number of population action potentials and the magnitude of seizure-induced c-fos mRNA expression in the granule cells led us to examine this relationship in additional populations of neurons. Using both single-and multiple-unit recordings, we had demonstrated the presence of nearly synchronous burst firing of substantia nigra pars reticulata neurons during kindled seizures in 9 of 12 animals (Bonhaus et al., 1986,199 1) . We therefore determined whether c-fis mRNA expression was induced in substantia nigra neurons by kindled seizures in a separate group of four animals. To include a positive control internal to these animals, c-fos mRNA expression was measured in the dentate granule cells as well. Three of the four animals exhibited population action potentials in the dentate hilus recordings during the kindled seizures and c&s mRNA expression in the dentate granule cell layer (Table 2 , Fig. 3 ). The fourth animal exhibited neither population action potentials in the dentate hilus during the kindled seizure nor c-fos mRNA expression in the dentate granule cells. None of these four animals exhibited detectable c-fos mRNA expression in either substantia nigra pars reticulata or pars compacta (Fig. 3) . Additionally, c-fos was not detected in the substantia nigra in any of eight animals following kindled seizures evoked by hippocampal stimulation (vehicle group of Mk-80 1 experiment, Table  3 ) despite robust expression in the dentate granule cells.
Eflects of neurotransmitter receptor antagonists on seizureinduced c-fos mRNA expression in dentate granule cells
To determine whether activation of specific neurotransmitter receptors is required for seizure induction of c-fos mRNA expression, we examined the effects of several receptor antagonists on the seizure-induced c-fos expression. We hypothesized that activation of the NMDA subtype of glutamate receptor during the seizure induced the expression of c-fos mRNA. The rationale Figure 3 . A, Total binding of oligonucleotide probe (c-fos) to coronal section of brain from animal kindled from the right amygdala at the level of substantia nigra and ventral hippocampus. This animal had population action potentials recorded in the dentate hilus in the dorsal hippocampus during the fully kindled seizure. Thirty minutes later, the animal was killed and the brain was isolated and processed for in situ hybridization. B, Nissl-stained section shown for anatomic localization of structures: DC, dentate gurus; SNC, substantia nigra pars compacta; SNR, substantia nigra pars reticula& Scale bar, 5 mm.
for this hypothesis was twofold: (1) the principal excitatory afferents of the dentate granule cells from the entorhinal cortex (Andersen et al., 1966; Matthews et al., 1976 ) use glutamate as a transmitter (White et al., 1977; Keller et al., 1991) , and (2) activation of either the a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) or NMDA subtype of glutamate receptor is sufficient to induce c-fos mRNA expression in isolated dentate gyrus neurons (Lerea et al., 1992) .
Pretreatment of animals with CGP-37849, a competitive antagonist of the NMDA subtype of glutamate receptor (Fagg et al., 1990) , markedly inhibited the seizure-induced expression of c-fos mRNA. The inhibition was dose dependent, with a 3 mg/kg dose producing a 70% inhibition of c-fos expression contralateral and 66% ipsilateral to the stimulating electrode (Table  3) . Similarly, the uncompetitive NMDA receptor antagonist MK-80 1 (Wong et al., 1986) reduced seizure-induced expression of c-fos mRNA by approximately 50% in the dentate granule cells bilaterally (Fig. 4, Table 3 ). The inhibitory effects of the NMDA receptor antagonists were selective inasmuch as antagonists of p-opiate (naloxone), muscarinic cholinergic (scopolamine), and @-adrenergic (propranolol) receptors did not attenuate seizure-induced c-fos mRNA expression (Table 3) . Doses of the antagonists used above had been shown to be effective in the CNS (see Materials and Methods).
The possibility that NMDA antagonists inhibited seizure- Seizures evoked by hippocampal stimulation elicited a rapid and dramatic induction of c-fos mRNA bilaterally in the hippocampal formation, pyriform cortex, and layers 3 and 5/6 of neocortex (A). By contrast, the level of constitutive expression of c-fos mRNA in the unstimulated brain was virtually undetectable (not shown). OD measurements of infrapyramidal blade of dentate granule cell layer (in B) revealed a 60% reduction in C-$X expression in this MK-80 l-treated animal compared to the vehicle-treated animal. C, Hybridization in the presences of excess unlabeled oligonucleotide, in an adjacent section from the brain used in A, resulted in a homogeneous pattern of binding. D, Nissl-stained coronal section of rat brain at a level similar to A-C. OD measurements were made in the infrapyramidal blade of the dentate granule cell layer as described in Materials and Methods. Scale bar, 5 mm.
mate receptor selectively and markedly inhibited seizure-induced expression of C-$X mRNA in dentate granule cells despite unexpectedly increasing the number of population action potentials by almost threefold.
Validity of c-fos mRNA expression as a marker of neuronal burst firing during kindled seizures These correlative studies of seizure-induced firing and c-fos mRNA expression illustrate the complexity of the relationship between neuronal activity and the induction of c-fos. Importantly, neuronal activity is defined here as a specific pattern of activity that represents the cellular hallmark of a seizure, namely, the sustained repetitive synchronous firing of populations of neurons (henceforth referred to as epileptiform burst firing). Certainly, c-fos expression is not simply a quantitative or even a qualitative marker of this firing in all CNS neurons. In the dentate granule cells, a striking qualitative correlation was observed between the synchronous firing of granule cells and c-fos mRNA expression; this firing pattern of the dentate granule cells was initially described during kindled seizures by Somjen et al. (1985) and later by Stringer et al. (199 l) , who coined the term maximal dentate activation for this pattern. However, the epileptiform burst firing was not correlated with seizure induction of c-fos mRNA expression in neurons of the substantia nigra.
No detectable c-fos mRNA expression was found in substantia nigra pars compacta or pars reticulata neurons in any of four animals undergoing class 5 kindled seizures evoked by amygdala stimulation or in eight animals by hippocampal stimulation. We previously demonstrated that individual substantial n&a pars compacta and pars reticulata neurons fire in bursts during amygdaloid kindled seizures evoked in five of seven animals in a paralyzed, ventilated preparation (Bonhaus et al., 1986) . We confirmed and extended these analyses by demonstrating a nearly synchronous burst firing pattern of populations of substantia nigra pars reticulata neurons in four of five freely moving animals during amygdaloid kindled seizures (Bonhaus et al., 199 1) . Although the measurements of substantia nigra unit activity and c-fos mRNA expression were not performed in the same animals, it seems likely that c-fos mRNA expression is not induced in substantia nigra neurons despite the presence of epileptiform burst firing during a kindled seizure. Further complexity is introduced in the dentate granule cells with respect to quantitative considerations in that the magnitude of c-fos mRNA expression, once induced, did not correlate with the number of population action potentials (Table 1) . Additionally, as discussed below with hippocampal kindled animals, pretreatment with NMDA receptor antagonists produced a 50-70% reduction of seizure-induced c-fos mRNA expression in the dentate granule cells despite a threefold increase of the number of population action potentials. Time (msec) Figure 5 . Field potential recordings from the dentate hilus, contralatera1 to the stimulated hippocampus. In this representative animal, vehicle injection prior to stimulus-evoked seizure (A) was followed 3 weeks later by MK-801 injection prior to stimulus-evoked seizure (B). AD duration was 129 set and 116 set during the vehicle-treated and MK-80 l-treated seizures, respectively. The insets show the characteristic upgoing EPSP with sharp negative population spike produced by angular bundle stimulation following administration of vehicle or drug but before the seizure was induced (vertical arrows point to stimulation artifact). During part of the kindled seizure, dentate granule cells fire in synchrony as evidenced by multiple population action potentials labeled with asterisks (number of population action potentials: vehicle, 345; MK-80 1, 99 1 in this particular example). This increase in the number of population action potentials with MK-801 was unexpected, but a previous in vitro study in CA1 may provide some clue (Dingledine et al., 1987) . Thus, reduction of the calcium influx by NMDA antagonists may result in reduced activation of calcium-dependent potassium channel, leading to diminished inhibition, explaining at least in part the observed increase in the number of population action potentials.
Mechanisms governing seizure-induced expression of c-fos mRNA: a hypothesis Understanding the mechanisms by which a seizure induces c-fos mRNA expression in the dentate granule cells may clarify the relation between c-fos mRNA expression and epileptiform burst firing in other neuronal populations. In vitro studies together with the in vivo studies presented here lead us to suggest that kindled seizures trigger c-fos mRNA expression in the dentate granule cells by the synaptic activation of glutamate receptors on granule cell dendrites, which in turn leads both directly and indirectly to a sustained depolarization and rise of intracellular calcium. Analyses of mechanisms activating c-fis mRNA expression in individual dentate gyrus neurons cultured from 4-dold rat pups and maintained in vitro disclose that activation of either NMDA or AMPA subtypes of glutamate receptors is sufficient to induce robust c-fos mRNA expression; activation of c-fos expression by either receptor requires extracellular calcium (Lerea et al., 1992) . Likewise, activation of voltage-sensitive calcium channels by potassium depolarization is sufficient to induce c-fos mRNA expression in a calcium-requiring manner in these neurons. Increases of extracellular glutamate during a seizure (Dodd et al., 1980; Peterson et al., 1983 ) lead us to suggest that the kindled seizure results in synaptic release of glutamate (White et al., 1977) presumably from entorhinal afferents by virtue of their massive input to the granule cells (Andersen et al., 1966; Matthews et al., 1976 ) thereby activating both NMDA and AMPA receptors on granule cell dendrites (Keller et al., 1991) . Subsequently, as suggested by data from the in vitro study (Lerea et al., 1992) , transmembrane flux of CaZ+ through both the NMDA receptor and voltage-activated calcium channels results in an increased concentration of intracellular Cazf, triggering a signaling cascade that culminates in transcriptional activation of c-fos. The selective inhibition of seizure-induced c-fos mRNA expression by antagonists of NMDA but not three other neurotransmitter receptors is consistent with this interpretation. We suggest that seizure induction of c-fos mRNA may correlate better with sustained neuronal depolarization induced by NMDA receptor activation and other mechanisms than with neuronal burst firing itself. Lack of a straightforward method to measure depolarization of multiple neuronal populations during seizures in awake, freely moving animals precludes direct testing of this idea at present. This line of reasoning may also provide an explanation for the unexpected increase in the number of population action potentials with MK-80 1. A previous in vitro study in CA1 using a competitive antagonist, n-aminophosphonovalerate, showed increased number of action potentials in a burst, despite reduced depolarization (Dingledine et al., 1987) . The increased number of action potentials may arise from a reduction of calcium influx through the NMDA channel and reduced activation of calciumdependent potassium channels, thereby permitting enhanced sustained firing. Alternatively, the reduction of depolarization may limit sodium channel inactivation.
We suspect that the residual 30-50% of c-fos mRNA expression induced by seizures in the presence of NMDA antagonists is due to activation of AMPA receptors and/or activation of voltage-dependent calcium channels, particularly in light of the increased number of population action potentials recorded in the presence of MK-80 1. The future availability of structurally distinct and highly selective AMPA receptor antagonists that can be administered systemically may allow this possibility to be addressed. We cannot exclude potential contributions from either incomplete blockade of NMDA receptors or activation of the metabotropic subtype of the glutamate receptor, with resultant release of Ca*+ from intracellular stores.
These explanations fail to elucidate why the neurons of the substantia nigra do not express c-fos mRNA even though the majority of seizures evoked here are almost certainly associated with an epileptiform burst firing pattern of these neurons. Substantia nigra neurons appear to have the ability to express c-fos, since pentylenetetrazol (PTZ) seizure induced modest Fos-1acZ expression in the substantia nigra in a transgenic mouse strain (Smeyne et al., 1992) . Likewise, pilocarpine-evoked status epilepticus is associated with induction of Fos-like immunoreactivity in the substantia nigra (L. E. A. M. Mello, personal communication; Mello et al., 199 1) . It is possible that seizures evoked by PTZ or pilocarpine activate the neurons of substantia nigra more intensely than a single kindled seizure. Alternatively, these chemically induced seizures may induce c-fos through different mechanisms. Moreover, nigral neurons may have intrinsic properties, such as calcium buffering capacity, distinct from those of dentate granule cells. Further studies of the substantia nigra are needed to explain these differences.
Kindled seizure induction of c-fos mRNA expression: imDlications The fact that c-fos mRNA expression is not simply a marker of neuronal activity heightens the importance of elucidating the functional significance of its expression. These findings parallel the complex relationship between the photic induction of c-fos mRNA expression and neuronal activity identified in the suprachiasmatic nucleus of the hypothalamus (Komhauser et al., 1990) . Equivalence in light thresholds and timing of sensitivity of responses suggests that c-fos is a molecular component of the signaling cascade by which light entrains circadian rhythms (Komhauser et al., 1990) . By analogy, c-fos may be a molecular component of the signaling cascade by which seizures induce the lasting hyperexcitability of kindling or the emergence of spontaneous seizures in this model. Circumstantial evidence supports this idea in that two necessary conditions for kindling induction, the occurrence of electrical seizure and activation of NMDA receptors during the seizure, are also necessary for the full expression of c-fos mRNA in the kindling model.
